Pyrococcus woesei (Pw) is an archaeal organism adapted to living in conditions of elevated salt and temperature. Thermodynamic data reveal that the interaction between the TATA-box-binding protein (TBP) from this organism and DNA has an entirely different character to the same interaction in mesophilic counterparts. In the case of the PwTBP, the affinity of its interaction with DNA increases with increasing salt concentration. The opposite effect is observed in all known mesophilic protein-DNA interactions. The halophilic behaviour can be attributed to sequestration of cations into the protein-DNA complex. By mutating residues in the PwTBP DNA-binding site, potential sites of cation interaction can be removed. These mutations have a significant effect on the binding characteristics, and the halophilic nature of the PwTBP-DNA interaction can be reversed, and made to resemble that of a mesophile, in just three mutations. The genes of functionally homologous proteins in organisms existing in different environments show that adaptation is most often accompanied by mutation of an existing protein. However, the importance of any individual residue to a phenotypic characteristic is usually difficult to assess amongst the multitude of changes that occur over evolutionary time. Since the halophilic nature of this protein can be attributed to only three mutations, this reveals that the important phenotype of halophilicity could be rapidly acquired in evolutionary time.
Introduction
To maintain cellular function in an extreme environment adaptations must be made to continue to provide sufficient affinity and selectivity in binding of the molecular components of the cell. The archaeon Pyrococcus woesei (Pw) survives in conditions of both elevated salt concentration and high temperature [1] . Despite inhabiting this extreme environment, many of the proteins studied from this organism have high sequence and structural homology to their mesophilic counterparts. We are carrying out mutational and thermodynamic studies in order to understand the physical basis of adaptation to high salt conditions. Differences in the salt concentrations experienced by different organisms can significantly affect the affinity and selectivity of their molecular-recognition processes. This is particularly important in the case of interactions between proteins and DNA because of the polyelectrolytic nature of oligonucleotides. The negatively charged DNA is surrounded by cations and anions that adopt a non-uniform spatial distribution under the influence of its electrostatic field, with an excess of cations near the DNA. Proteins involved in DNA interactions are conversely rather positively charged at their DNA-binding site, and the binding site is consequently more strongly associated with anions. Upon formation of a protein-DNA complex, cations, anions and water molecules are displaced, and direct interactions between the protein residues and DNA bases and backbone formed. Biophysical studies and molecular modelling have shown that the principal contributions to favourable binding are the entropic advantages arising from the release of salt and water [2, 3] . Changing salt concentration modifies the thermodynamics of the processes of release of ions and, to a lesser extent, water molecules into the salty bulk solution. In the interactions of protein with DNA, proteins from mesophilic organisms all show a decrease in affinity as the salt concentration is raised from 100 mM to 1 M [2, 4] . This decrease can be attributed largely to the release of ions from the protein and oligonucleotide surfaces on forming the complex interface. As the salt concentration in bulk increases, the benefit of releasing ions into the bulk is reduced, and the binding becomes weaker. How do halophilic organisms overcome this effect and maintain the integrity of protein-DNA recognition in high salt conditions?
To explore behaviour under conditions of high salinity, we have adopted the interaction of TATA-box-binding protein (TBP) from the archaeon Pw with a cognate oligonucleotide as our archetypal system. This protein is required as the initiator of the transcription machinery in both eukaryotes and archaea [5] . The PwTBP binds upstream of transcription sites at promoters possessing the consensus sequence TTTAWANN (where N is any nucleotide and W is A or T) [6] , and other components of the transcription machinery subsequently coalesce around it. Importantly, from the perspective of the interpretation of thermodynamic data, the three-dimensional structures of both PwTBP and TBPs from mesophilic organisms are known and their structural homology is high [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Ion uptake in halophilic complexes
An empirical relationship between the observed binding constant, K obs , and the concentration of salt has been established for complex formation, based on the assumption that changes in the thermodynamics of the release of individual ions and solvent water molecules [2, 4] are the most important salt-dependent factors. The dependence of the observed binding constant (K obs ) on the monovalent salt concentration, [MX] , has been found to follow the equation:
where A is the net number of ions released (a positive number) or taken up (a negative number) and B is the total number of water molecules released on forming the complex, and K ref is the hypothetical binding constant at 1 M salt in the absence of any contribution from release, or uptake of water (i.e. B = 0) [2, 16] . Although this empirical relationship was developed envisioning an idealized case in which individual ions are removed (or bound) at distinct well-defined tightbinding sites on the protein or DNA, the values of A and B can also be interpreted as representing the net effect of several ions (or water molecules) partially occupying several spatially diffuse, thermodynamically weak binding sites. The combined effect of the multiple weakly bound ions (or water molecules) would be thermodynamically equivalent to one tightly bound ion (or water molecule).
For mesophilic protein-DNA complexes, such as the Saccharomyces cerevisiae (Sc) TBP complex, A is a positive number, i.e. there is a net release of ions upon complex formation [17] . Consequently, K obs falls with increasing monovalent salt concentration as ion release becomes less favourable. At very high salt concentrations (>1 M NaCl), the favourable release of water from the complex should dominate the effect of ion release and binding is again expected to begin to increase. However, this has not been observed for mesophilic proteins as they commonly aggregate at such high salt concentrations. Studies on the PwTBP with a 20-mer oligonucleotide containing the recognition sequence using isothermal titration calorimetry [18, 19] at pH 7.0 and 35
• C enabled a full thermodynamic characterization of this interaction at a range of salt concentrations [16, 20] . Fitting these data using eqn (1) revealed that the dependence of log K obs and [MX] on PwTBP is opposite to that reported for its mesophilic counterparts. The binding becomes tighter as the amount of salt in solution is increased. At very high salt concentration the effect of release of water molecules gives rise to the sharp increase in the values of log K obs approaching 2 M salt. In the physiological salt range for Pw (around 0.8 M), the increase in K obs is predominantly due to effects of ion binding.
The data for the wild-type PwTBP interaction revealed that there was a net uptake of approximately two ions on going from the free to the bound state. Given the electronegative nature of the DNA we hypothesized that these ions were cations (to be specific, in these experiments, sodium). We hypothesized further that this unique feature of binding in the halophilic organism is based on the uptake of cations at the perimeter of the protein-DNA interface, where the cations form a bridge between the DNA phosphate backbone and the negatively charged groups on the protein [16] .
Elimination of ion uptake via mutation
To test our hypotheses on cation uptake, and to determine the amino acids responsible for this important mode of binding at high salinity, a strategy of site-directed mutation of acidic residues at the binding interface was adopted. Consideration of the structure and potential electrostatic contacts of PwTBP with DNA revealed only a limited number of amino acids that were both electronegative and sufficiently close to the DNA-binding site to enhance cation binding to the complex. Mutations of some of these amino acids were made, replacing in each case a glutamate for an alanine. The mutations E12A and E128A each had a definite effect on the relationship between the binding constant and the salt concentration ( Figure 1) . In both cases, at lower salt concentrations (0.2-1.0 M) the increase of K obs with increasing salt concentration was less than that of the wild-type protein. Fitting to eqn (1) implied that in each case DNA binding was accompanied by the net uptake of approximately one cation [20, 21] . Thus, these mutant forms of PwTBP each provide one less binding site for incorporation of ions into the protein-DNA interface. Replacement of the identically positioned (due to the 2-fold symmetry of the binding site) Gln-103 was shown to have no effect on ion uptake, consistent with the requirement of the highly electronegative side chain of glutamate for cation uptake [20] .
Since each of the glutamate-to-alanine mutations diminished the cation-binding capacity of the complex, it seemed sensible to investigate the E12A/E128A double mutant. An approximately additive effect occurs, with this mutant showing little dependence of the K obs on the salt concentration below 1 M (Figure 1 ) and, correspondingly, no net uptake of ions on complex formation [21] .
Charge reversal confers mesophilic character
In the TBP from the mesophilic Sc the residues in positions 41 and 42, which are proximal to the oligonucleotide in the binding site, are positively charged. Since these are glutamate residues in PwTBP we substituted them for lysine, creating triple and quadruple mutants in conjunction with the first two glutamate substitutions. These reversal mutations can potentially disrupt ion uptake while still satisfying the highly electronegative adjacent phosphate groups of the DNA. As shown in Figure 1 , at low salt concentrations the binding constant of the triple mutant E12A/E42K/E128A complex shows an inverse dependence on salt concentration, corresponding to the release of a single ion. This is the characteristic mesophilic DNA-binding property. The quadruple mutant E12A/E41K/E42K/E128A The broken lines through the data were generated by the fit to eqn (1) . At the lower salt concentrations studied the slope is proportional to the number of ions taken up or released by the complex. The change from halophilic to mesophilic behaviour is characterized by the change from the positive slope of the wild-type complex (ion uptake) to the negative slope of the triple and quadruple mutant complexes (ion release) below 1 M salt. For all the complexes studied the binding affinity began to increase rapidly at high salt concentrations (approaching 2 M NaCl) due to the dominant and favourable contribution from water release.
shows even more pronounced mesophilic behaviour. This protein releases approximately two ions on binding to DNA.
To establish whether the mutations also affected the affinity of the complex at high temperatures, the binding constant and enthalpy change was measured over a range of temperatures (25-45
• C). Using the Gibbs-Helmholtz relationship these data were extrapolated to the physiological growth temperatures of Pw (>100
• C), showing that the mutations increase the temperature of maximum stability relative to the wild-type complex [21] . It appears that the wild-type glutamate residues substituted in our work have been specifically optimized by evolution to enhance the halophilic binding behaviour and not the complex stability at high temperature.
Structural interpretation
Relatively little structural detail is known about monovalent ion binding to protein-DNA complexes, as distinguishing small monovalent ions from water using crystallographic methods is difficult. However, the mutation strategy adopted here appears to suggest that local changes in the electrostatic topography of the complex as a result of single-residue mutations can significantly alter the sequestration and release of ions in an approximately additive manner. The surface of the PwTBP-DNA complex is predominantly electronegative with substantial contributions from the surface charges of both DNA and protein, with the overall electronegativity enhanced above that of DNA alone by the dielectric focusing effect of the low dielectric protein (Figure 2 ). This presents a substantial region that is favourable for cation binding, consequently there are likely to be a substantial number of cations associated with all of the complexes we have investigated. Our results can be explained if the mutations incrementally reduce this cation-binding capacity. Data on Na + binding to DNA itself indicate that ions are localized to electonegative regions, but are able to move rapidly along the DNA with any particular region being only partially occupied [22] . It seems likely that this is also the case in protein DNA complexes, where only rarely are binding sites structurally or energetically isolated, and that most bound ions can rapidly exchange positions. Consequently, we believe that the calculated electrostatic field of such complexes gives a good indication of cation-binding capacity. Given that many partially occupied sites are thermodynamically equivalent to a single occupied site, a model based on this more fluid notion of cation binding can readily explain our results. In the wild-type PwTBP (but not in the Sc) overall electronegativity is enhanced by the contribution of the protein's own field, so enhancing the cation-binding capacity of the complex. The effect of the mutations is to reduce the electronegativity of the protein and complex as a whole, particularly near the DNA backbone and hence reduce the complex's aggregate cation-binding capacity (Figure 2 ). 
Rapid evolution of halophilicity
Among the large number of changes that occur over evolutionary time the significance of individual residues for adaptation to the particular environmental conditions is not usually obvious. There is approx. 40% conservation of residues between PwTBP and ScTBP. Given the wide evolutionary separation between the archaea and eukaryotes, this is evidence of the critical role TBP plays in transcription and the stringent physical requirements it must meet in order to carry out its function. The halophilic character of the PwTBP must be evolved with the minimum disruption to the rest of the protein. In investigating the adaptation of TBP to high salt conditions, changes to three or four residues were found to be sufficient to alternate between the binding characteristics shown by mesophilic and halophilic organisms. We have shown here that the reversal of the halophilic nature of the PwTBP-DNA complex can be rationalized by incremental additive changes in the electrostatic surface of the protein affecting the sequestration of ions in the complex. Thus the adaptation to high salinity is much simpler and more rapid than had the evolution of specific binding pockets been required. This modulation of ion binding by changes in the protein's electrostatic field seems suitable as a general mechanism for halophilic adaptation of protein-DNA interactions. Incremental progress towards halophilicity can be made easily by successive modification of surface residues without negative structural or stability consequences, often by only a few single nucleotide mutations.
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